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A Genomic Approach to Identification of Novel Broad-spectrum 
Antimicrobial Peptides From Bony Fish 



BACKGROUND OF THE INVENTION 

Antimicrobial peptides have been isolated from a wide variety of plants and 
animals, and play an important role in defense against microbial invasion. They fell 
into three main classes based on secondary structiire and amino add sequence simi- 
larities: a-helical structures, highly disulphide-bonded (cysteine-rich) p-sheets and 
those wifli a high percentage of proline or glycine residues. Most molecules are am- 
phiphilic and contain both cationic and hydrophobic surfaces, enabling them to insert 
into biological membranes. Although the primary mode of action of antimicrobial 
peptides has been described as lysis of pathogens, they have also been reported to ex- 
ert a nxmiber of other effects such as mediating inflammation and modulating the im- 
mune response (for review, see Hancock and Lehrer 1 998). 

A small number of natural antimicrobial peptides have been isolated from 
teleosts including the pleurocidin, from the skin of winter flounder (Cole, Weis et al. 
1997), pardaxin from Red Sea Moses sole (Oren and Shai 1996), misgumin from 
loach (Park, Lee et al. 1997), HFA-1 from hagfish (Hwang, Seo et al. 1999), piscidins 
from hybrid striped bass eosinophilic granule cells (Silphaduang and Noga 2001), mo- 
roneddins from hybrid striped bass (Lauth, Shike et al. 2002), parasin, a cleavage 
product of histone 2 A from catfish (Park, Park et al. 1998) and some uncharacterized 
mucous secretions from carp (LeMaitre, Orange et al. 1996) and trout (Smith, F©r- 
nandes et al. 2000). In addition, a cationic steroidal antibiotic, squalamine, l^as been 
isolated from the shark, Sgualus acanthias (Moore, Wehrli et al. 1993). Pleurocidin 
and parasin form amphiphathic structures, whereas the other compoimds isolated from 
fish are structurally unrelated. 

Cysteine-rich antimicrobial peptides of the defensin family have been detected 
in the fet body of insects and the hemolymph of molluscs and orustaceans. They have 
also been isolated from various epithelia of mammals as well as circulating cells such 
as neutrophils and macrophages. Recently, small cysteine-rich peptides exhibiting an- 
timicrobial activity against various fun^, Gram positive and Gram negative bacteria 
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have been isolated from blood ultrafiltrate (Krause, Neitz et al. 2000), the human uri- 
nary tract (Park, Valore et al. 2001), and the gill of bacterially challenged hybrid 
striped bass (Shike et al. 2002). These peptides, refored to as hepcidin or LEAP-l 
(liver-expressed antimicrobial peptide), have been proposed to be the vertebrate coun- 
5 terpart of insect peptides induced in the fet body in response to infection (Park, Valore 
etal.2001). 

SUMMARY OF THE INVENTION 

According to one aspect of ttie invention the nucleotide and deduced amino 
10 add sequences of 14 hepcidin-like peptides isolated from tiiree diverse species of fish, 
winter flounder, Atlantic halibut and Adantic salmon, are provided. 

According to another aspect of the invention, the nucleotide and deduced 
anuno add sequences of 23 pleurocidins, isolated fix>m different fish spedes is also 
provided. 

15 According to yet another aspect of the invention, the amino acid sequences of 

pleuroddin-like peptides with confirmed antibacterial and antifungal activities, as 
well as die process for predicting said activities from genomic and expressed nucleo- 
tide sequences, are provided. 

According to yet another aspect of the invention, a process is provided for the 

20 expression of genes encoding such peptides during development and in spedfic tis- 
sues in response to infection. 

BRIEF DESCRIPTION OF THE DRA WINGS 

Figure 1. A. Nucleotide sequence of cDNA for pleurocidin from winter flounder iso- 
25 lated from the skin library. The positions of primers used for PGR are under- 

lined and the deduced amino add sequence is shown in upi)er case letters be- 
low the nucleotide sequence. Arrows indicate flie mature 5* and 3' teraiini of 
the pleuroddin peptide and diamonds indicate die positions of introns. The 
single SstI restriction endonuclease site (GAGCTC) and the putative polyade- 
30 nylation site (aataaa) are indicated in boldface. B. Hydrophobicity plot of pre- 

dicted pleurocidin polypeptide WF2 constructed using the Kyte-Doolittie op- 
tion of DNA Strider (Marck 1992). The holders of the mature pleuroddin are 
indicated by vertical arrows. C Diagranmiatic representation of helical struc- 
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ture of predicted pleurocidin polypeptide WF2 constructed using the Helical 
Wheel routine of GCG. Hydrophobic residues and glycines are boxed and po- 
lar residues are not The first amino acid (G) of the mature polypeptide is 
found at the top of the wheel. 

Figure 2. Amplification of hepcidin cDNAs firom halibut and salmon liver and spleen. 
RNA was prepared fix>m tissues of fish infected with a bacterial pathogen to 
induce expression of antimicrobial peptide genes, reverse-transcribed and sub- 
jected to PGR using the primers listed below. Actin was run as a control to 
show expression of a house-keeping gene. The labelling on the figure is as fol- 
lows: HL - halibut liver; SL - salmon liver; HS - halibut spleen; SS - salmon 
spleen; M - markers. For the primers 5XJ is flie Universal 5* primer used in all 
reactions, Sal is He Sal (below) and WF is HcPA3b (below). 

HepUniversal 5': AAGATGAAGACATTCAGTGTTGCA 

HcPA3 3'B2: GTTGTTGGAGCAGGAATCC 

He Sal: TGCTGGCAGGTCCTCAQAATTTGC 

Figure 3. Alignment of pleurocidin-like peptide sequences deduced fiom nucleotide 
sequences of genes and PGR products amplified Jfrom skin and/or intestine of 
the following species: winter flounder (WF), yellowtail floundo- (YF), witch 
flounder (GC), American plaice (AP) and Atlantic halibut (AH). 

Figure 4. PGR amplification of pleurocidin-like genes from winter flounder DNA. 
Amplification products (P) were resolved on a 1% agarose gel using the 100 
bp ladder as molecular weight markers (M). Products visible as distinct bands 
are labeled WFl (900 bp), WF2 (810 bp), WF3 (650 bp) and WF4 (510 bp). 

Figure J. Extended genomic sequence of WF4 obtained by PGR using primers 
PL1/PL2. introns are indicated in lower case and coding sequfflce in upper 
case. The positions of the primm PLl and PL2 used for PGR are underlined. 

Figure 6. Alignment of predicted polypeptide sequences of five winter flounder pleu- 
rocidin family members. Large vertical arrows indicate the positions where in- 
trons were found in the genomic sequences. The second intron of WF3, indi- 
cated by a small vertical arrow, is found more upstream than those of the other 
genes. The predicted polypeptide sequences of dermaseptin Bl (Amiche et al. 



1994) and ceratotoxin B (Marchini et al. 1995) are shown below the pleuro- 
cidin femUy members. Boxed amino acids are shared by half of the sequences. 

Figure 7. Expression of specific plemx)cidin-like genes in different tissues of winter 
flounder. Tissues were esophagus (E), pyloric stomach (PS), cardiac stomach 
(CS), pyloric caeca (PC), Uver (L), spleen (SP), intestine (I), rectum (R), gill 
(G), brain (B) and skin (SK). Markers (M) were the 100 bp ladder. Primers 
were specific to each pleurocidin variant (Table 2). 

Figure 8. Reverse transcription-polymerase chain reaction assay of pleurocidin ex- 
pression. Samples are fix)m larvae (5 and 13 dph), metamorphosing larvae (20 
dph), newly metamorphosed larvae (27 dph), juvemles (41 dph), skin fiom the 
lower (LS) and upper side (US) of the fish and tissue fit>m the lower (LI) and 
«W>er (UI) intestine. Primers specific for pleurocidin (panel A) and actin 
(panel B) were used. 

Figure 9. Expression of specific pleurocidin-like genes during winter flounder larval 
development. Samples are fiom larvae (5, 9 and 15 dph). metamorphosing lar- 
vae (20 dph), newly metamorphosed larvae (25, 30 and 36 dph) and juvenUes 
(41 dph). Controls using the 5* or 3* primers alone and with no template (NT) 
are also shown. Primers were specific to each pleurocidin variant (Table 2). 

Figure 10. Southern analysis of pleurocidin genes of winter flounder (WF), yellowtail 
flounder (YF), American plaice (AP) and Aflantic halibut (AH). Total ge- 
nomic DNA (7.5 ng) was digested with Bamm (B) or Sstl (S) and the firag- 
ments resolved on a 1.0% agarose gel. The blot was hybridized successively 
with probes corresponding to WFl, WF2, WF3, and WF4. Mariceis (M) are 
lambda DNA digested with Styl (24.0, 7.7, 6.2, 3.4, 2.7, 1.9, 1.4, 0.9 Kb). 

Figure 11. SchemaHc of genomic organization of pleurocidin-like genes and pseu- 
dogenes (\|/) fix)m winter flounder, hitrons are represented by soUd boxes and 
exons by stippled boxes. 

Figure 12. Locations of transcription factor binding sites upstream of pleurocidin 
genes and pseudogenes. Promoters are indicated by hatched boxes, introns by 
solid boxes and genes and exons by stippled boxes. 



Figure 13. Survival of a Gram-positive bacteriiim (methicillin-resistant Staphylococ- 
cus aureus - MRSA) upon exposure to NRC-15 at its minimal inUbitoiy con- 
centration (MIC) and ten times its MIC. S. aureus was grown in Mueller- 
Hinton broth and exposed to NRC-15 at its MIC and ten times its MIC. At the 
5 specified intervals equal aliquots were removed fiom the culture, plated on 

MHB plates, and the resulting colonies woe counted. 

Figure 14. Survival of a Gram-negative bacterium {Pseudomonas aeruginosa) upon 
exposure to NRC-13 at its minimal inhibitory concentration (MIC) and ten 
times its MIC. P. aeruginosa was grown in Mueller-Hinton broth and exposed 
10 to NRC-13 at its MIC and ten times its MIC. At the specified intervals equal 

aliquots were removed from the culture, plated on MHB plates, and the result- 
ing colonies were counted. 

Figure 15. Survival of a yeast {Candida albicans) ufwn exposure to NRC-12 at its 
minimal inhibitory concentration (MIQ and ten times its MIC. C. albicans 
15 was grown in MueUer-Hinton broth and exposed to NRC-12 at its MIC and 

ten times its MIC. At the specified intervals equal aliquots were removed from 
the culture, plated on MHB plates, and the resulting colonies were counted. 

Figure 16. A. Nucleotide sequence of unspliced liver cDNA encoding Type I sal- 
20 monid hepcidin. Exon sequences are indicated in upper case letters and tiie 

deduced amino acid sequence is shown below the nucleotide sequence. The 
gt/ag intron/exon boundaries are highKghted in boldface and the polyadenyla- 
tion signal (aataaa) is underlined. B. Nucleotide sequence of partially spUced 
cDNA from halibut spleen encoding Type I sahnonid hepcidin. C. Comparison 
25 of inti-on/exon stiucture in human, mouse and salmon. Exons are represented 

by hatched boxes and introns by a smgle line (sizes in bp shown beneath). 

Figure 17. Alignment of winter flounder (WFl, WF2, WF3a, WF3b, WF4), Aflantic 
hah^ut (Hbl.l, Hb5.3. Hb7.5, Hbl7, Hb357) and Atlantic salmon (Sail, Sal2, 
Sal2.1, Sal8.6) hepcidins with those of Japanese flounder (JFL4, JFL6), 
30 medaka, hybrid striped bass and human. A partial sequence from rainbow 

trout (GenBank accession AF281354_1) is also shown. The predicted posi- 
tions of signal peptidase and pre-piotein cleavages are indicated by arrows. 
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Figure 18. Alignment of 3' untranslated regions of (A) winter flounder (WFl, WF2, 
WF3a, WF3b, WF4) and (B) Atlantic salmon (Sail, Sal2) hepcidin cDNAs. 
Conserved nucleotides are boxed. The positions of the primras used to amplify 
hepcidin homologs from halibut and salmon are indicated by anows. 

5 Figure 19. Southern hybridization analysis of hepcidin in different fish species. &tl 
digests of genomic DNA (7.5 fig) from hagfish (Hg), shark (Sh), white stur- 
geon (St), winter flounder (WF), yellowtail flounder (YF), American plaice 
(AP), witch flounder (Wi), Japanese flounder (JF), Atlantic salmon (AS), 
smelt (Sm) and haddock (Hd) were hybridized with Type I hepcidin from win- 
10 ter flounder. Size markers (M) are Lambda DNA digested with StyL 

Figure 20. Reverse transcription-PCR assay of hepcidin and actin gene expression in 
different tissues of winter floimder. Amplification products from adult winter 
flounder were amplified using gene-specific primers for Flatfish Type I (panel 
A), Type II (panel B) and Type III (panel C) hepcidins and for actin (310 bp) 
15 and resolved by electrophoresis on a 2% agarose gel. Markers (M) are the 100 

bp ladder (BRL). 

Figure 21. Reverse transcription-PCR assay of hepcidin and actin gene expression in 
different tissues of control Atlantic salmon (C) and fliose infected with Aero- - 
monas salmonicida (I). Amplification products from reactions using gene- 
20 specific primers for Salmonid Type I (panel A) and Type II (panel B) hepcid- 

ins (163 bp) and for actin (400 bp) were resolved by electrophoresis on a 2% 
agarose gel. Maricers (M) are tfie 100 bp ladder (BRL). 

Figure 22. Reverse transcription-PCR assay of hepcidin and actin expression in de- 
veloping winter flound^ larvae. Samples were larvae at 5 dph Oane 1), 12 dph 
25 (lane 2), 19 dph (lane 3), 27 dph (lane 4)» 41 dph Oane 5) and adult Oane 6). 

Amplification products fit)m reactions using g^e-spedfic primers fox Flatfish 
Type I (panel A), Type 11 (panel B) and Type HI (panel C) hq)cidins and for 
actin (400 bp) were resolved by electrophoresis on a 2% agarose gel using a 
1 00 bp ladder (Pharmacia) as markers (lane M). 
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DETAILED DESCRIPTION OF THE INVENTION 
Fish Rearing 

Winter flounder larvae were reared as described (Douglas, GawKdca et al. 
1999), the disclosure of which is incorporated herein by reference. Saint John River 
stock Atlantic salmon {Salmo salar L.) were maintained in single-pass, heated, 
dechlorinated fresh water at 12»C in the Dalhousie University Aquatron facUity ii! 
Halifax, Nova Scotia. All fish were euthanised with an overdose of tricaine methane- 
sulfonate (MS 222. 0.1 g L '. Argent Chemical Laboratories, Inc.. Redmond. WA. 
USA) prior to sampling." AU animal procedures were approved by the Dalhousie Uni- 
versity Committee for Laboratory Animals and the National Research Council - HaU- 
fex Local Animal Care Committee. 

Bacterial Challenge 

Aeromonas salmonicida subsp salmonicida strain A449 (Trust et al. 1983) was 
cultured to mid-logarithmic growth in Tryptic Soy Broth (TSB) at IT^C. The absorb- 
ance at 600nm of the bactoial suspension was determined and the bacteria were re- 
suspended to approximately 5 x lO' cfo mL ' in sterile Hanks Balanced Salt Solution 
. (HBSS). Three salmon (200g each) were anaesthetised with 50 mg L ' TMS, injected 
intraperitoneaUy with 2.5 x 10* cfu bacteria in 50 HBSS and aUowed to i^ver in 
fresh water. Uninjected fish from the same cohort were maintained in separate tanks 
as controls. Three days post-injection, control and infected sahnon were euthanised as 
described above and samples of tissues removed. Blood was drawn from the caudal 
vem into a heparinised container. To confirm that the fish were positive for A. sal- 
monicida, the posterior kidney of both infected and control fish were swabbed and 
used to inoculate tryptic soy agar (TSA) that was incubated at room temperature 
overnight. Atlantic halibut tissue samples were obtained from a bacterial challenge 
study performed at Bedford histitute of Oceanography, Dartmouth, Nova Scotia. 

Sampling 

Tissues (oesophagus, stomach, pyloric caecae. liver, spleen, intestine, anterior 
kidney, posterior kidney, gill, skin, ovary, rectum, heart, muscle and biain) were re- 
moved into RNALater (Ambion, Austin, TX, USA) and kept at -80° C until used. 
Samples of winter flounder larvae at different stages and juvenile were rinsed in 



RNALater (Ambion, Austin, TX, USA), transferred into 1.5 ml Eppendorf tubes con- 
taining 0.5-1.25 ml RNALater. and kept at -80° C until used. 

Pleuroddins 

Isolation of pleurocidin cDNA 

A cDNA library constructed from winter flounder skin (Gong et al 1996) was 
screened using degenerate oKgonucleotides (PleuroA, PleuroB; Table 1). The Ubiaiy 
was plated at 80,000 phage/plate and dupUcate Ufts to HyBond filters were made of 
each of eight plates. A mixture of radioactively end-labelled PleuroA and PleuroB 
probes was hybridised with the filters at 50° C using standard procedures, and the fil- 
ters were washed in IX SSC/0.1% SDS at 50° C for 45 min. Plaques that showed 
matdiing hybridization signals on both duplicate filters were picked and the library 
rescreened until 100% purity of the recombinant plaques was obtained. Two recombi- 
nants were completely sequenced using an ABI373 stretch automated sequencer and 
the AmpliTaqFS Dye Terminator Cycle Sequencing Ready Reaction kit (Perkin- 
Ehner, Foster City, CA, USA). Sequence data were analyzed using Sequencher (Gene 
Codes, Inc.. Ann Arbor, MI, USA) and DNA Strider. The amino-terminal signal se- 
quence was predicted using SignalP (http://www.cbs.dtu.dk/services/SignalP). The 
HeUcal Wheel routine of the GCG package (http://www.gcg.com) was used to model 
the helical structure of the predicted antimicrobial peptide sequences. 

Genomic PGR 

Genomic sequences were amplified using two sets of primers specific to the 
winter flounder pleurocidin cDNA (PL1/PL2 and PL5'/PL3'; Table 1; Fig. 1). The 
amplification conditions were: 1 min at 94° C; 35 cycles of 30 s at 94° C; 30 s at 52° 
C. 90 s at 72° C; and 2 min at 72° C, and products were resolved on a 1% agarose gel. 
Bands were excised fiom the gel, extracted using Gene-Clean (BiolOl, La JoUa, CA, 
USA) and cloned into the Topo TA2.1 vector (Invitrogen, Carlsbad, CA, USA) as 
recommended by the manufechirers. Several isolates from each transformation were 
sequenced and analyzed as described above, hitron positions were identified by com- 
parison wifli the cDNA sequ^ce. 
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Identification of additional winter flounder pleurocidin-lilce transcripts by RT- 
PGR 

Total RNA was isolated from winta: flounder skin and intestine as described. 
RevCTse transcription of 2 jig of total RNA was performed using fee RETROScript kit 
5 (Ambion, Austin^ TX, USA) according to the manufacturer's recommendation. PGR 
was performed using PL3' and a primer corresponding to the amino terminus of the 
precursor polypeptide (PL5'; Table 1). The amplification conditions were: 1 min at 
94^ C; 32 cycles of 30 s at 94^ C; 30 s at 50° C, 90 s at 72° C; and 2 min at 72° C and 
products were resolved on a 2% NuSeive geL Bands were excised, cloned and se- 
10 quenced as described above. 

Tissue-specific gene expression 

Tissue-specific expression of pleurocidin was investigated by northern analy- 
sis using polyadenylated RNA (500 ng) from adult skin, liver, ovary, muscle, spleen, 

15 pyloric caeca, stomach and intestine. The entire insert from the cDNA clone corre- 
sponding to WF2 was radioactively labelled and incubated with the blot overnight at 
60° C in UltraHyb hybridisation solution (Ambion, Austin, TX, USA). The blot was 
washed to a stringency of 50° C in IX SSC/0.1% SDS for 1 h before exposure to X- 
. ray film. RT-PCR was also employed using primers specific to WFl, WFla, WF2, 

20 WF3, WF4, WFYT and WFX (Table 2) to assay expression of the different pleuro- 
ddin-like variants in various tissues. The conditions used were as described in the 
preceding paragraph except that the annealing temperature was 52 ° C. 

Developmental expression 

25 Two larval time series were used to assess developmental expression of pleu- 

rocidin-like genes. In the first, RNA was isolated fi^om pooled samples of twenty 
whole larvae (5 and 13 dph), ten whole metamorphosing larvae (20 dph) and newly 
metamorphosed larvae (27 dph), gut tissue of two juveniles (41 dph), skm firom the 
upper and lower side of adult fish and tissue fi^om adult upper and lower intestine. 

30 RNA was isolated as described (Douglas, Gawlicka et aL 1999), the disclosure of 
which is incorporated herein by reference, and the assays were performed using the 
primers PL5* and PL2 and conditions described above for RT-PCR. Amplification of 
the actin mRNA was performed as previously described (Douglas, BuUerwell et al, 
1999), the disclosure. of which is incorporated herem by reference, to confiim the 
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level of expression of a housekeeping gene and to provide an internal control for plc^i- 
rocidin expression* In the second larval time series, RNA was isolated from pooled 
samples of twenty whole larvae (hatch, 5 and 9 dph), ten whole larvae (15, 20, 25, 30 
and 36 dph) and gut tissue of two juveniles (41 dph). Assays were performed using 
5 primers specific to WFl, WFla, AYF2, WF3, WF4, WFYT and WFX (Table 2) to de- 
termine expression of the different pleuroddin-like variants at different stages of de- 
velopment The conditions used were as described in the preceding paragraph. 

Southern analysis 

10 Southem analysis of BamHl- and &/I-digested genomic DNA from winter 

flounder, three other flatfish (Ammcan plaice Hippoglossoides platessoides Fabri- 
dus, Atlantic halibut Hippoglossus hippoglossus L. and yellowtail flounder Pleu- 
ronectes ferruginea Storer), haddock (Melanogrammus aeglefinus L.), pollock (Po/- 
lachius virens L.) and smelt (Osmerus mordax Mitchill) was performed sequentially 

15 using the entire inserts fix>m genomic clones corresponding to WFl, WF2, WF3 and 
. WF4 as probes* Hybridisations were performed ovemight at 65^ C as previously de- 
scribed (Douglas, Gallant et al. 1998), the disclosure of whidi is incorporated herein 
by reference, and the blots were washed at 65° C in 0.5X SSC/0.1% SDS for 1 h and 
exi)Osed to X-ray film. Blots were stripped by incubating twice in boiling 0-5% SDS 

20 and checked for residual signal by exposure to X-ray film ovemight. 

AmpUficatioii of pleuroddin-Uke sequences from other fish species 

Total RNA was isolated from skin and intestine of yellowtail flounder, witch 
flounder and Atiantic halibut and reverse-transcribed as described above (RT-PCR 

25 analysis). Total genomic DNA was isolated from milt of yellowtail flounder, witch 
flounder, American plaice and Atlantic halibut Two sets of primers specific to the 
winter flounder pleurocidin cDNA CPL1/PL2 and PL5' /PL3*; Table 1; Fig. 1) were 
used and the amplification conditions were: 1 min at 94** C; 32 cycles of 30 s at 94° 
C; 30 s at 50^ C, 90 s at 72^ C; and 2 min at 72° C. Products were resolved on a 2% 

30 NuSeive gel, bands excised, cloned and sequenced as described above. 
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Identification of pleurocidin-like sequences in the ivinter flounder genome 

A winter flounder genomic X-GEM library was screened using a ladioactively 
labeled probe for pleurocidin (WF2; Douglas et al.. 2001). Four clones were picked 
and replated until 100% purity was acWeved. The clones were mapped using BamHI. 
5 SstI, Xhol and Eco RI and two clones (A.1.1 and X5.1) that differed in restriction pat- 
tern were selected for sequencmg. Both clones were completely sequenced using an 
ABB73 stretch automated sequencer and the AmpliTaqFS Dye Terminator Cycle Se- 
quencing Ready Reaction kit (Perkin Elmer, Foster Oty, CA, USA. Transcription fac- 
tor binding sites were identified using WWW Signal Scan 
(http://bimas.dcrt.nih.gov/mnlhin/^if mai/ > with flie TransFac and TFD databases and 
promoters were detected using the eukaiyotic promoter prediction by neural network 
software available at the Baylor College of Medicine 
(http://seardilaundier.bcm.tmc.edu/seq-search/gene-seardi.html). 

Hepcidins 

15 Molecular Characterisation of Hepcidin cDNAs 

I Eight ESTs showing high simflarity to human hepcidin were identified from 

the winter flounder EST database (Douglas, Gallant et al. 1999) and four from die At- 
lantic sahnon database (Douglas, Tsoi et al. 2002). Using these sequences to screen 
dbEST, BLASTX analysis revealed two related sequences fi^om Japanese flounder 

20 (C23298.1 and C23432.1), one sequence from rainbow trout (AF281354_1) and five 
identical sequences fix>m medaka (AU178966. AU179222, AU179314, AU179768 
and AUl 80044). Sequence data were analyzed using Sequencher (Gene Codes, Inc., 
Ann Aibor, MI, USA) and DNA Strider (Marck 1992). Alignments and similarity ma- 
trices were calculated using ClustalW (Thompson, Higgins et al. 1994) and graphi- 

25 cally visualised using SeqVu (Garvan 1996). The on-line servers PSORT 
(http.//PSORT.nibb.ac.ip) , Compute pi (httD://exoasv.hcuge.ch/cei-hin/p i tftol\, and 
Network Protein Sequence @nalysis (htti>;//nDsa-pbil.ihcp fr/«pi- 
bin/secpred consensus pi) were used to predict N-teiminal signal sequences, pi and 
secondary structure, respectively. The secondary sfaiichire prediction program utiUzed 

30 seven different algorithms (for details, see web site) and provided a consensus predic- 
tion based on these results. 
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Southern Hybridisation 

Total genomic DNA was prepared from winter flounder (JPleuronectes ameri- 
canus)^ yellowtail flounder (Pleuronectes ferruginea\ witch floimder {Glyptocepha- 
lus cynoglossus), Japanese flounder {Paralichthys olivaceus% American plaice (Hip- 



5 poglossoides platessoides\ Aflantic salmon (Salmo salar\ haddock (Melanogrammus 
aeglefinus), smelt (Osmems mordax)^ hagfish {Eptatretus burgen)^ tiger shark 
(Scyliorhinus torazame) and white sturgeon (Acipenser transmontanus) as previously 
described (Douglas, Bullerwell et al. 1999), fhe disclosure of which is incorporated 
herein by reference. DNA (7 .5 fig) was digested with SstI according to the manu&c- 

10 turer's recommendations and the fragments resolved on a 1% agarose gel. A 104 bp 

probe corresponding to amino acid residues WMENPT GCGFCC of Type I winter 

flounder hepddin was labeled using the DIG Labelling Kit (Roche Applied Science, 
Laval, PQ, Canada) and hybridized to the membrane for 2h at 42 ^'C using the Easy 
Hyb kit (Roche Applied Science, Laval, PQ, Canada). The membrane was washed in 

IS 0.2X SSC at 65 ""C and signal detected using the DIG Luminescent Detection Kit 
(Rodie Applied Science, Laval, PQ, Canada). 

Expression of Hepcidin Genes by RT-PCR 



level of expression of a housekeeping gene and provide an internal control for fhe 
hepcidin gene expression analyses. Controls were p^formed using single primers to 
eliminate single primer artifacts and without reverse transcription to eliminate ampli- 
fication products arising from contaminating genomic DNA. 



uninfected and infected adult salmon and halibut using the RNAWiz Kit (Ambion, 
Austin, TX, USA) according to the manufacturer's recommendations. Tissues were 
homogenized using a 7mm generator on a Polytron standard rotor stator homogenizer 
(Kinematica). In addition, RNA was isolated from pooled samples of twaity whole 
30 larvae (hatch, 5 and 9 dph), ten whole larvae (15, 20, 25, 30 and 36 dph), gut tissue of 
two juveniles (41 dph) and adult winter flounder liver. To eliminate contaminating 
DNA, the Ambion DHA-free TM protocol was used as directed. Briefly, 4 units of 
DNase 1 was added to the resuspended RNA and incubated for 1 hour at 37C. After 
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Primers were designed based on the cDNA sequences determined in this study 
(Table 3). Amplification of actin mRNA was performed to confirm the steady-state 



25 



Total RNA was isolated from tissues of uninfected adult winter flounder and 
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incubation, DNAse Inactivation Reagent was added to remove the enzyme and RNA 
concentrations were determined using a Beckman DU-64 Spectrophotometer. 

First strand cDNA was ^thesized from 1 jig of total RNA using the Retro- 
Script kit (Ambion, Austin, TX, USA) and aliquots of the reaction products were sub- 
jected to PCR using iTaq polymerase (Amersham Pharmacia Biotech AB, Uppsala, 
Sweden) or the Advantage2 PCR kit (Clontech, Palo Alto, CA, USA). The primers 
and annealing temperatures are listed in Table 3. The amplification conditions were: 1 
min at 95* C; 32 cycles of 15 s at 95** C; 30 s at the annealing temperature, 30 s at 68° 
C; hold at 4° C. Amplification products ware resolved on a 2% NuSieve agarose gd 
with a 100 bp ladder as a marker (Gibco BRL, Gaithersburg, MD, USA) and the 
amount of eadi product was quantified using a GelDoc 1000 video ^ documoitation 
system (BioRad, Mississauga, OnL, Canada) with the Multianalyst software. 

Amplification of hepddtn-like sequences from other fish species 
15 Total RNA was isolated fixjm liver and spleen Atlantic halibut and Atlantic 

sahnon and reverse-transcribed as described above (RT-PCR analysis). Two sets of 
primers were used (see legend. Fig. 2) and the amplification conditions were: 2 min at 
94° C; 32 cycles of 30 s at 94° C; 30 s at 52° C. 30 s at 72° C; and 2 min at 72° C. 
Products were resolved on a 2% NuSeive gel, bands excised, cloned and sequenced as 
20 described above. 

Prediction and assessments of antimicrobially active peptide sequences 

Prediction of active cationic peptide sequences 

25 The mature peptide sequences from Figure 3 (pleuroddin-like peptide se- 

quences deduced from nucleotide sequences of genes and PCR products amplified 
from fish tissues) constituted the basis of sequence selection. GeneraUy, upon extea- 
sive sequence analysis, those peptides that possessed a net positive charge and had 
their hydrophilic and hydrophpobic residues well-sepaiated in models were produced. 

30 Also, generally those peptide genes that were likely to be expressed (possessed pro- 
moters) were used, althoug|h pseudogene controls w«e also included in the panel. The 
exact start/end residues wwe decided upon based on several factors listed below. In 
most cases the N-terminus of ttie,mature peptide was well defined, since it followed 
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directly the conserved signal peptide region, and aligned well with other mature pep- 
tides. Wherever a straightforward determination on the N-teminal amino add was not 
possible, an attempt was made to preserve GW or GF at the N-teiminus, as this is fire- 
quently encountered among cationic peptides. In addition, two versions of WFla 
(NRC-2 and NRC-3) were produced: one contained N-terminal GRRKRK, and the 
other did not In some cases the C-terminus of Ae mature pq>tide was also well de- 
fined, since it was followed direcUy by a conserved acidic propiece. However signifi- 
cant ambiguity as to the C-terminal amino acid existed among many peptides. Goier- 
ally, two rules were followed in deciding upon C-teiminal amino acids: (1) wherever 
glycine appeared at or near the C-terminus, it was considered to be a precursor for 
carboxy-4erminus amidation; (2) large numbers of negatively charged amino adds 
near the C-tfaminus were generally considered to be a part of the propiece and not the 
mature active peptide, and were not inchided in the sequence. 

All antimiotobial peptides used in this study were synthesized by N-(9- 
fluorenyl) methoxy caibonyl (Fmoc) diemistry at the Nucldc Add Protein Service 
(NAPS) unit at the University of British Columbia. Peptide sequences are shown in 
Table 4. Peptide purity was confirmed by HPLC and mass spectrometry analysis in 
each case. In the case of NRC-7 further purification by RP-HPLC was performed until 
homogendty of the sample was obtained. 

Bacterial Strains and Candida albicans 

All strains used in this study are listed in Table 4a. Most non-fish bacterial 
strains as well as Candida albicans were grown at 37°C in Mueller-Hinton Broth 
(MHB; Difco Laboratories, Detroit), while the fish bacteria were maintained at 16°C 
in Tryptic Soy Broth (TSB; Difco, 5g/l NaCl). All strains were stored at -70°C untfl 
they were thawed for use and sub-cultured daily. The following strains, P.aeruginosa 
K799 (parent of Z61), P.aeruginosa Z61 (antibiotic supersuscq>tible). Salmonella ty- 
phimurium 14028s (parent of MS7953s), Salmonella typhimurium MS7953s (defensin 
supersusceptible), as well as Staphylococcus epidermieUs (human clinical isolates) and 
methidllin-resistant Staphylococcus aureus (MRSA; isolated by Dr. A. Chow, Uni- 
versity of British Columbia) have been kindly donated by Prof R.B.W. Hancock, Uni- 
versity of British Columbia. 
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Escherichia coli strain CGSC 4908 (his-67. thyA43, pyr-37), auxotrophic for 
thymidine, uridine, and L-histidine (Cohen et al, 1963) was kindly supplied, free of 
charge, by the KcoH Genetic Stock Centre (Yale University, New Haven, CT). MHB 
supplemented with 5 mg/L thymidine, 10 mg^ uridine and 20 mg/L L-histidine 
(Sigma Chemical Co., St. Louis, MO), was used to grow E.coli CGSC 4908 unless 
otherwise specified. 

Two field isolates of the saUnonid pathogen Aeromonas salmonicida are from 
the 1MB strain collection. 

Minimum Inhibitory Concentrations 

The activities of the antimicrobial peptides were determined as minimal 
inhfljitory concentrations (MICs) using the microtitre broth dilution method of 
Amsterdam (Amsterdam, 1996), as modified by Wu and Hancock (1999). Serial dilu- 
tions of the peptide were made in water in 96-well polypropylene (Costar, Coining 
Incorporated, Coming, New York) microHter plates. Bacteria or C albicans were 
grown overnight to mid-logarithmic phase as described above, and diluted to give a 
final inoculum size of 10^ cfii/ml. A suspension of bacteria or yeast was added to 
each well of a 96 well plate and incubated overnight at the appropriate temperature. In 
the case of ^. coJi CGSC 4908, supplemented MHB was used. Inhibition was defined 
as growth lesser or equal to one-half of the growth observed in control wells, where 
no peptide was added. Three repeats of each MIC determination were performed. 

Killing assays 

Survival of bacteria and C albicans upon exposure to selected peptides ap- 
plied at their minimal inhibitory concentrations (MICs) and ten times their MICs was 
measured using standard methodology. The test organisms were grown in MHB and 
exposed to the peptides. At the specified time intervals equal aliquots were removed 
from the cultures, plated on MHB plates, and the resultmg colonies were counted. 
Percentage survival was plotted against time on a logarithmic scale. Two repeats of 
each expmment were perfi>nned. 
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Pleurocidins 

cDNA sequence 

The two clones isolated from the skin cDNA library were identical in se- 
quence to each other and to the genomic PGR product WF2 (see below). They contain 
356 bp and encode an open reading frame of 68 amino acids (Fig. I A). There is a 5'- 
untianslated region of 26 bp and a 3 '-untranslated region of 84 bp. excluding the 
polyA tail. A canonical polyadenylation signal AATAAA is found 22 bp upstream of 
the polyA taa. The first 22 amino acids of the open reading frame form a highly hy- 
drophobic domain (Fig. IB) predicted to be a signal peptide with a cleavage site that 
precisely matches the amino terminus of the mature pleurocidin. The predicted amino 
acid sequence of residues 23-47 exactly matches the pubKshed amino acid sequence 
of mature pleurocidin (arrows. Fig. lA). The mature pq,tide can assume an amphipa- 
thic helix that contains a predominance of positively diarged amino adds on one face 
and hydrophobic ammo acids on the other (Fig. IQ. Hie carboxy-teiminal 21 amino 
acids form a negatively charged domain that is not present in the mature pleurocidin, 
confirming the recent report of Cole al. (2000). 

Genomic PGR 

Four distinct bands (WFl-4) were ampUfied using primers PL5' and PL3* (Fig. 
4). Sequence analysis of each product was consistent with the sizes of the bands and 
verified that each ampUfication product was different (Table 5). Two distinct bands 
were amplified usmg primers PLl and PL2 that corresponded to WF2 and WF4 con- 
taining additional upstream and downstream sequence (data not shown). When the 
intron sequences were removed, the sequence of WF2 exactly matched that of the 
pleurocidin cDNA clone isolated from the skin library (Fig. 1 A). 

All four of the pleuroddin-like genes contained two introns within the codmg 
sequence and three of the genes showed idoitical intron locations (WFl, WF2 and 
WF4). However, the position of the second intron in WF3 occurred upstream of those 
of the other genes, resulting in a shorter second exon and longer thinl exon. The sizes 
and sequences of the introns varied among the four pleurocidin genes (Table 5). Evi- 
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dence from the two more extensive genomic sequences of WF2 and WF4 obtained 
using primers PLl and PL2 indicates that a third intron immediately upstream of the 
initiation codon is also a feature of this gene family (Fig. 5). This was also noted for 
the genomic sequence reported by Cole et al (Cole, Darouiche et al. 2000). 

An alignment of the predicted amino acid sequences is shown in Fig. 6. The 
positions of the introns (indicated by vertical anows) were determined by comparison 
with the corresponding RT-PCR and cDNA-derived sequences. The positions of the 
mature peptide were determined by comparison with the published amino acid se- 
quence of pleurocidin (Cole, Weis et al. 1997). All of the predicted mature polypep- 
tides could assume amphipathic a-helical structures similar to that shown in Fig. IC, 
although the positively charged portions were not as striking in WFl and WF3 as in 
WF2 and WF4 (data not shown). 

Tissue-specific expression 

Norfliem analysis was only able to d^ect pleurocidin transcripts in skin (data 
not shown). However, the more sensitive RT-PCR assay indicated that pleuroradin 
was also expressed in other tissues, particularly gill and gut Using primers PL5' and 
PL3% two bands were obtained from winter flounder skin (265 and 175 bp) and two 
from intestine (215 and 175 bp). Sequence analysis of several clones of each size 
showed that the 265 bp winter flounder skin clones corre^nded to the genomic se- 
quence of WFl when intron sequences were removed (Table 6). Five of flie 175 bp 
clones from skin and two of the 175 bp clones from intestine corresponded to the ge- 
nomic sequence of WF2. This is consistent with results of northern analysis using the 
cDNA clone corresponding to the WF2 probe that showed hybridisation only to 200- 
nucleotide mRNA from the skin (data not shown). On the other hand, nine of the 175 
bp clones from intestine and four of the 175 bp clones fiom skin corresponded to the 
genomic sequence of WF3. No RT-PCR products were obtained that corresponded to 
WF4. All seven of the 215 bp intestine clones corresponded to a novel family member 
(WFla) not represented by any of the winter flounder genomic sequences determined 
in this study. 

Using primers specific to each of the pleurocidin-like variants reported above, 
as well as to additional pleurocidin-like variants identified on Lambda clones, we 
were able to demonstrate fliat different variants were expressed in different tissues 
(Fig. 7). WF2, WF3 and WFYT showed the expression in the widest distribution of 
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tissues, whereas WFl and WF4 were expressed in mainly in. the gill and skin, and 
WFX was only expressed in the skin. Transcripts of WFla could not be detected in 
any tissue. 

Developmental expression 

Using primers PL5' and PL2 (Table 1) from highly conserved regions of the 
pleuTDcidin-like peptides, low levels of transcripts were evident at 5 dph and in- 
creased during development (Fig. 8). Strong signals were obtained from adult skin 
and weak signals from intestinal tissue. Expression of the housekeeping gene, actin, 
was relatively constant throughout development. 

Using primers specific to each of the pleurocidin-like variants reported above, 
as well as to additional pleurocidin-like variants identified on Lambda clones, we 
were able to demonstrate that different variants were expressed at different times dur- 
ing development (Fig. 9). WFX transcripts were only detectable at 20 dph, and WF2, 
WF3 and WFYT were detectable in premetamoiphic larvae and metamorphic juve- 
niles. No expression of WFl and WF4 was detectable at any stage of development 

Southern analysis 

Positive signals were specific to flatfish DNA using the WFl, WF2, WF3 and 
WF4 genomic probes (Fig. 10). No signals were detected with haddock, pollock or 
smelt DNA (data not shown). All four probes showed hybridisation to common Sstl 
and BamHI bands fiiom the DNAs of aU four flatfish, indicating that the genes arc 
clustered on these genomes. The sizes of the hybridising fiagments from the winter 
flounder digest are given in Table 7. 



Amplificatioii of pleuroddin-Uke sequences from other fish species 

An alignment of the deduced amino acid sequences of pl«iroddm-like pep- 
tides fix>m American plaice, yellowtail flounder, witch flounder and Atlantic haKbut is 
shown in Fig. 3. High conservation is present in the signal peptide and acidic 
propiece regions, whereas the portion corresponding to the mature peptide shows 
much more variability. 
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Identification of pleurocidin-Iike sequences in the winter flounder genome 

Two clones containing firagments of 12.5 and 17,5 kb, respectively, were iso- 
lated from a genomic library from winter flounder. The 12.5 kb fragment encoded the 
gene corresponding to WF2 and two pseudogenes. The 17,5 kb fragment encoded the 
5 gene corresponding to WFl, one pseudogene and two previously undescribed pleuio- 
cidin-like sequences referred to as WFX and WFYT. A schematic of the gene 
arrangement is shown in Fig. 1 1. Scanning of the sequences upstream of the coding 
sequence revealed a canonical eukaryotic promoter, TATA and CAAT boxes as well 
as highly consented sites for several transcriptions fiictors including NF-IL6, AP 1 and 
10 a-interferon (Fig. 12). No promoter sequence were identified upstream of 
pseuodgenes. 

Prediction and assessment of antimicrobially active peptide sequences 

The minimal inhibitory concentrations of die chemically produced peptides against a 

15 wide range of baterial pathogens and C. albicans were det^mined and are shown in 
Table 8. Generally speaking many p^tides showed the ability to inhibit the growth of 
a broad spectrum of bacterial pathogens and C. albicans. Particularly good examples 
of peptides with a broad spectrum of antimicrobial activity are the three peptides de- 
rived from American plaice (NRC-1 1, NRC-12, and NRC-13) and three peptides de- 

20 rived from witch flounder (NRC-15, NRC-16, and NRC-17). Of those, NRC-IS, 
NRC-13, and NRC-12 showed abUity to kill mefliicillin-resistant S. aureus (Fig. 13), 
P. aeruginosa (Fig. 14) and C albicans (Fig. 15), respectively. 

In addition to demonstrating that pleurocidin-like peptides are active against a 
wide range of bacteria as well as C albicans ^ our results indicate which factors should 

25 be considered in selecting antimicrobially active peptides from genomic sequences. 

Firstiy, a notable group of peptides with poor or no activities in our hands 
were peptides derived from pseudogenes (NRC-8, NRC-9, NRC-10). These results 
indicate that peptides capable of being expressed in the host organism may be better 
candidates for antimicrobials. 

30 Secondly, flie previously described N-terminal GRRKRK in WFla (Fig. 2) 

proved to be the determinant of antimicrobial activity in NRC-3 as shown by the fact 
NRC-2 (identical to NRC-3 but missing the aforementioned fragment) was only 
marginally active (Table 8). This result stresses the importance of carefully selecting 
the start/end residues in the mature peptide, wherever these are not apparent in the 
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start/end residues in the mature peptide, wherever these are not apparent in the origi- 
nal pre-pro-sequence. 

Lastly, the previously described principles of: selecting positively charged 
peptides with good separation of hydrophilic and hydrophobic residues in helical 
wheel models, preserving GW or GF at the N-terminus, amidating the C-tenninus 
where glycine was present, and oropping off clusters of acidic C-terminal amino acids 
appeared to be successful in selecting antimicrobially active peptides. 



10 Hepcidins 

Bacterial Challenge 

Three days post-injection, the infected Atlantic salmon were lethargic and 
anorexic. On sampling, the posterior kidneys of the injected fish were positive for A. 
salmonicida whereas those of the control fish were not 

15 

Molecular Characterisation of Hepcidin cDNAs 

Although the winter flounder EST database contams sequences from liver, 
ovary, stomach, intestine, spleea and pyloric caecae cDNA libraries and the Atlantic 
salmon EST database contains sequences from liver, head kidney and spleen, hep- 

20 cidin-like sequences were only detected in spleen and liver cDNA libraries of both 
fish. Four of 135 ESTs (3.0%) in the winter flounder liver library and two of 281 
ESTs (0.7%) in the winter floimder spleen library encoded hepcidins. Three of 982 
(0.3%) ESTs in the Atlantic salmon liver library encoded hepcidins. Five hepcidin 
sequences were also found in subtracted spleen (1.8%) and three in subtracted liver 

25 (0.6%) Atlantic salmon cDNA libraries that were enriched in transcripts up-regulated 
during infection with Aeromonas salmonicida (Douglas et al., unpub). Unfortunately, 
since these are subtracted libraries, the inserts are only portions of the complete tran- 
scripts. 

Analysis of the nucleotide sequences of Atlantic salmon hepcidin cDNAs re- 
30 vealed that one salmon EST (SLl-0412) was approximately 300 nucleotides longer 
than the other two. Furthermore, the hepcidin coding sequence was incomplete. Com- 
plete sequencing of this clone revealed the presence of two introns with standaid 
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GT/AG splice junctions (Fig. 16A). When removed, an open reading frame oicoding 
a complete hepcidin-like peptide was obtained. Similarly, an incompletely spliced 
halibut transcript was amplified that still retained the second intron (Fig. 16B). Com- 
pared to mammals, the introns of salmon and probably halibut are in similar locations 
5 but of shorter length (Fig. 16C). In addition to these incompletely spliced cDNAs, we 
identified a winter flounder EST (WF4) Aat contains a large deletion relative to the 
other sequraces that corresponded closely to the second exon of sahnon and human 
hepcidin. Assuming the intron positions are conserved among vertebrates, this dele- 
tion could correspond to the removal of exon2, and resulted in a peptide that differed 

1 0 fix)m WF3a and WF3b in only five amino add postions of the remaining peptide. 

The deduced amino acid sequences of five differrat winter flounder hepcidin 
cDNAs and two different Atlantic sahnon hepcidins were aligned with tiiose extracted 
fix>m dbEST corresponding to Japanese flounder (two), medaka (one) and rainbow 
trout (one), as well as the recently reported hepcidin fix>m hybrid striped bass (Shike 

15 et al. 2002). The sequences obtained firom spleen and liver of Aflantic sahnon (Sal2. 1 
and Sal8.6) and Atlantic halibut (Hbl.l, Hb5.3 and Hb7.5) by PGR are also included 
(Fig. 17). Human hepcidin was included as a representative of the mammals, the po- 
sition of cleavage by signal peptidase was predicted by PSORT and the RX(K/)R mo- 
tif typical of propeptide convertases (Nakayama 1997) was identified (vertical arrows; 

20 Fig. 17). The signal peptide sequence is 22-24 amino adds and is highly conserved 
among all of the fish sequences. The anionic propiece is 38-40 amino acids, depend- 
ing on the particular hepcidin variant. The processed hepcidins contain 19-27 amino 
acids and all are positively charged at neutral pH except WF2 (Table 9). Types I and 
in hepcidin fix>m flatfish as well as salmon type hepcidin contain eight cysteine resi- 

25 dues in the mature peptide, which have been proposed to form four disulphide bonds. 
Type n winter floimder hepcidin is missing two cysteine residues, indicating that a 
maximum of three disulphide bonds could form. Hb357 contains only five cysteine 
residues and is quite different fii>m the remaining hepcidin-like sequences. Results of 
secondary structure prediction methods indicated that the consensus structure offish 

30 hepcidins was mostly random coil, although short stretches of extended strand were 
predicted by some methods. 

Based on the alignment, it is apparent that there are at least three different 
groups of flatfish hepcidins distinguishable by shared insertions and deletions, WF2 
and JFL6 O'latfish Type II) share a deletion of seven amino acids near the KR cleav- 



age site resulting in a processed peptide of 19 amino acids, whereas WF3a, WF3b, 
WF4, Hbl.l, Hbl7, Hb5.3 and Sal8.6 (Flatfish Type III) exhibit a deletion of only 
four amino acids (excluding the portion corresponding to the missing exon of WF4) 
resulting in processed peptides of 22 amino acids. WFl and JFL4 (Flatfish Type I) do 
not contain this deletion but do contain an insertion relative to all othw reported hep- 
cidins at a position adjacent to the signal peptidase cleavage site. In addition, WFl, 
bass and medaka share an insertion of one amino acid within the mature p^tide rela- 
tive to all other reported hepcidins, giving a peptide of 26-27 amino adds. WF3a and 
WF3b differ fi-om each other by only one amino acid aldioug^ Hxey contain several 
silent substitutions and differences in die S' and 3' untranslated regions. Hb357 repre- 
sents a possible fourth class of flatfish hqicidins. The 3* untranslated regions of WF2 
and WFl are very different firom those of the other hcpddin transcripts, WF2 contain- 
ing a long additional portion relative to the others and WFlbeing shorter and less 
highly conserved (Fig. 18A). 

The sahnonid hepddin-Uke peptides fell into one group; the tour reported se- 
quences all share two deletions and diflfer ftom each ofiier by four amino adds in the 
mature peptide and fijur amino adds in the upstream pre-protein portion. The 3 » un- 
translated regions of the sahnon hepcidms are only moderately cons^ed (Fig. i8B). 

Genomic Organisation of Winter Flounder Hepcidin Genes 

Southern hybridization analysis of genomic DNA fiom a wide variety offish 
with a probe correspondmg to Type I hepcidin identified bands in all flatfish tested 
but none of the other fish spedes (Fig. 19). In winter flounder, two fiagments of 4.3 
and 4.5 kb hybridized with the probe. Two firagments of yellowtail flounder of identi- 
cal size hybridized (43 kb) and two fiagments of witch flounder genomic DNA also 
hybridized (4.3 and 20 kb), whereas only one fragment (4.3 kb) of the other flatfish 
genomic DNA hybridized. 

Expression of Hepddin Genes by RT-PCR 

TISSUE-SPECIFIC GENE EXPRESSION 

The results of RT-PCR assays of tissue-specific expression of the tiiree winter 
flounder hepddins.are shown in Fig. 20. Type I hepcidin was abundantiy expressed in 
the liver and, to a lesser extent, in tiie cardiac stomach. Type n hepcidin could not be 
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detected in any tissues, wbeKas Type HI licpcidin was moderately expnascd in the 
esopb^gns, cardiac sfomacili, and hvet. 

in uninfected Atlantic salmon. Type I hepddin atos pressed at qwtc high 
levels in Ifae liver, blood and muscle, at low levels in giU and skin, and at barely de- 
5 tectable levels in anterior and postmor Mdney (Fig. 21 A, Table 10). Typ^ n hepddin 
was expressed at bare^ detectable levels in tbe giU and sfcin only ffig. 2 1 B). How- 
ever, fish infect^ with Aetomonas sabnontcUUt showed ei^ression in most tissues 
tBseed(seeb^ow). 

10 PATHOGElf^INDUCEDOENB EXPRESSION 

The esqjiession of l^pe I hepcidin was up-iegulated (Tor ratio of in- 

fi«fed:ccmtK>I was great«1faaa2 in TaMe 10) in Ihe esophagus, stomach, pyloric 
cae. liver, spleen, iiuestine, posterior Kdney, icctom and muscle 
(ratio of infiMted: control was between 1 and 2) was also found in the anterior kidney 
and skin. The expression of Type 11 hepcidin was highly up-iegnlated 
(TT orttt in Table 10) in stomach, pyloricaecae, Uver, spleen, intestine, btain, 
heart and muscle and weakly up-regulated (t; ratio of infected:coatw>l was between 1 
and 2) in esophagus, anterior and posterior kidney, skm and rectum. Neiflier hepcidin 
appeared to be expressed in gonad of either control or infected fish. 



DEVELOPMENTALLYPROORAMMED GENE EXPRESSION 

RT-PCR analysis of hepcidin gene expression m winter flounder larvae of dif- 
ferent ages is shown in Fig. 22. Itausmpts of Type II hepcidins could not be detected 
at any stage of development, whereas Type I and Type in hepcidins were detectable 
in pre-metamoiphic larvae. Type I hepcidin was more abundantly e^Qaessed fhau 
Type n hepoidia and was also escpressed at an earlier time (5 dph vs. 9 dph.). 

Amplification of hepddin-Iike sequences from other fish species 

Using apiimer based on highly conserved sequences mttie dgnal pqjfide of 
aU repotted hepcidins (Hep Universal 5') in combination with primets based on 
highly conserved sequences m the 3» UTR of sahnon (HcSal 3') and flatfish (HcPASb 
3'), it was possible to ampKfy hepcidin-like sequences from the liver and spleen of 
haUbut and sahnon (Fig. 2). An alignment of the deduced amino acid sequences of 
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hepcidin-like peptides from winter flounder, Atlantic halibut and Atlantic salmon is 
shown in Fig. 17. Interestingly, flatfish-type hepcidin could be amplified fix>m sahnon 
(S8.6) and salmon-type hepcidin could also be amplified from a flatfish (Hb7.5). 

DISCUSSION 

Pleurocidins 

Most antimicrobial peptides, including cecropins and dermaseptins, are en- 
coded by multigene families that have probably arisen by sequential gene duplica- 
tions. We have demonstrated that the winter flounder, and probably other flatfish, 
possess a gene family encoding antunicrobial compounds similar to pleurocidin. 
Comparison of the genomic amplification products obtained using PLl/2 wifli the 
cDNA sequence (Fig. 1 A) showed that WF2 and WF4 contain three introns, the first 
of which occurs only 1 bp upstream from the initiator methionine. The second and 
third introns both occur within the mature peptide. The genes for GLa, xenopsin, 
levitide and caerulein - all skin peptides from Xenopus laevis - also contain an intron 
1 bp upstream from the initiator methionine (Kuchler et al 1989). The intron positions 
are conserved in aU but WF3 (Fig. 6), but they differ dramatically in size (Table 5), 
indicating that a considerable period of evolutionary time has elapsed since the dupli- 
cation events occurred, or that the intron sequences are relatively free to drift. 

Southern analysis shows that WFl-4 probes hybridise to other flatfish, includ- 
ing yellowtaU flounder, Aflantic halibut and American plaice, but not to haddock, 
smelt or poUodc. This hybridisation could be due to the highly conserved signal se- 
quence and anionic portion which we have shown to be conserved in sequences iso- 
lated from these flatfish. Flatfish may provide a rich res^oir of potential therapeu- 
tants fi)r flie aquaculture industry. The probes for the different pleurocidin family 
members often recognise the same restriction fi:agments in winter flounder DNA, in- 
dicating that they may be clustered at a single locus on the genome. Complete se- 
quencing of two Lambda clones hybridizing to pleurocidin confirms that such cluster- 
ing does in fact occur (Fig. 11). Clustering of antimicrobial peptide genes has also 
been noted for insect cecropins (Gudmundson et al. 1991) and apidaecins (Casteels- 
Jossen et al. 1993), among others. 

All of the membm of tfie pleurocidin family are encoded as prepropolypep- 
tides consisting of an amino-terminal signal sequence followed by the active peptide 
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and ending with an acidic portion. The deduced amino acid sequences of the signal 
and acidic sequences are very highly conserved whereas those of the predicted mature 
antimicrobial peptides are more variable (Fig. 6). All, however, appear to fold into 
amphipathic a-helices. This sequence conservation has allowed us to use a genomic 

5 approachtoidentifymanydifferentmembersofthepleurocidingenefemily.notonly 
ftom winter flounder but also &om a variety of othw flatfish (Fig. 3). 

The structure of the pleurocidin prepropolypeptides bears certain resemblances 
to the frog dermasqjtin precursors, which also contain a signal sequence of similar 
length (22 amino acids) and an addic portion of 16-25 amino acids. From the foU- 
10 length cDNA clone (Fig. lA). the acidic portion of pleurocidin was shown to contain 
21 residues. A major difiference between the pleurocidin and dermaseptin prepolypep- 
tides is the position of the acidic portion - downstream of the mature peptide in pleu- 
rocidin and upstream of the mature peptide in dennaseptins. The acidic proparts of 
defensins have been proposed to prevait interaction of the antimicrobial pq)tide with 
15 the membrane by neutralising the cationic charges (Valore et al. 1996) and this may 
also be ite function in pleurocidin. 

The signal sequences and acidic caiboxy-tenninal sequences of the pleuro- 
cidin femily members are extranely highly conserved. The former, and possibly the 
latter, aro presumed to target the precursor molecules to the cell membrane for secre- 
20 tion. Gene femilies for antimicrobial peptides that contain highly conserved signal 
peptides (often encoded by the first exon) followed by end products with different 
biological activities have been described ftom tiie dermaseptin family (Valore et al. 
1996) and the GLa, xenopsin, levitide and caerulein, all of which are skin peptides 
ftom Xenopm laevis (Kuchler et al. 1989). These authors proposed tiiat this modular 
25 gene structure allows targeting fi>r secretion to be achieved for markedly different 
pq»tides using a common pathway. In the pleurocidin gene family, a modular struc 
turc is also present wifli exon 1 encoding the signal sequence and first half of tiie an- 
timicrobial peptide, exon 2 encoding the next ten amino acids of the antimicrobial 
peptide, and exon 3 encoding tiie last tiiree amino acids of the antimicrobial pq>tide 
.30 and the addic carboxy terminus. 

The mahire peptides encoded by WF2 and WF4 are 60% identical to each 
other (Fig. 6) and somewhat less similar to dermaseptin Bl (Amiche et ai. 1994) and 
ceratotoxin B (Marchini et al. 1995). WFl is 64% identical to WFla but contains a 
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remarkably cationic stretch of 18 amino acids between the signal sequence and the 
mature peptide that is not present in WFla. Whether or not this potentially antimicro- 
bial 18-mer peptide arises when pleurocidin WFi processing occurs remains to be de- 
termined. Both WFI and' WFla contain an additional 10-11 amino acids relative 
WF2, WF3 and WF4 between the mature peptide and the acidic carboxy tenninus. 
WF3 shares similarities with both WF2/4 and WFl/la, Synthetic pleurocidin identical 
to the central portion of WF2 has been shown to protect Coho salmon against infec- 
tion by Vibrio anguillarum, as have hybrid peptides based on pleuroddin, der- 
maseptin and ceratotoxin (Jia et al. 2000). 

Our results of testing synthetic p^tides against a variety of bactaial patho- 
gens as well as the fimgal pathogen, Candida albicans, show promising candidates 
with broad-spectrum antimiCTobial activities. Of particular into^st is the ability of fee 
peptides NRC-13 and NRC-15 to inhibit the growth of methicaiin-resistant & aureus 
at concentrations as low as 4 pgfeal. NRC-13 is also capable of inhibiting the growth 
of C. albicans at 4 fig^ml, P. aeruginosa at 1 ngftnl (and Wiling P. aeruginosa at this 
concentration), and A. salmonicida at 2 p.g/ml. This means that NRO-13 is hi^y ac- 
tive against a fish pathogen, a Oiam-n^ative human bacterium, a drug-resistant 
Gram-positive human bacterium, and a yeast The example of NRC-13 demonstrates 
the range of potential targets and appUcations for cationic antimicrobial peptides. 

Our results also validate the process we used for selecting antimicrobially ac- 
tive peptides from a large amount of sequence data. The ability to accurately predict 
vridch peptides are likely to be active is a crucial link betweoi genomics and 
tiierapeutics. While mudi work rraiams to be done in Ais area, we have clearly 
danonstrated that judicious application of tfie principles described earlier will aid in 
selecting active peptides. 

Tlie tissue-specific expression of the pleurocidin genes was assessed using 
northern blot analysis and RT-PCR. Northern analysis proved to be not sufficiently 
soisitive for detecting the low level of transcripts present in winter flounder mRNA. 
Transcripts were present only in skin in sufficient quantities to be detected by this 
method, so the more sensitive RT-PCR assay was used. Pleurocidin transcripts were 
found in both skin and intestine using this metiiod, in agreement with flie recentiy re- 
ported ultrastructural localisation of pleurocidin in these tissues (Cole, Darouiche et 
al. 2000) and supporting the role of pleurocidin in mucosal immunity. The transcript 
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size (approximately 200 bp) is consistent with the size of products obtained by RT- 
PCR (Table 6), showing that thepleurocidin genes are transcribed separately, 

RT-PCR analysis showed that the genes for the different pleurocidin-like pep- 
tides are expressed in a tissue-specific manner with WF2 being expressed predomi- 
nantly in the skin and gill and to a lesser extent in the muscle, intestine, stomach and 
liver whereas WFl and WF4 are detected predominantly in the giU and skin (Fig. 7). 
WF3 and WFYT are expressed in most of the tissues sampled, WFX is detected solely 
in the skin and WFla was not expressed in any of the tissues sampled. Possibly, the 
different antimicrobial p^tides are required to control the growth of different bacte- 
rial populations in the two tissues. Since no RT-PCR products were detected for WF4, 
it is possible that this gene is expressed only at low levels in adult sWn or intestine or 
that it is expressed at a different life stage or in a different tissue. 

Using primers that did not discriminate between the transcripts of the various 
pleurocidin-like genes, expression was first detected at 5 dph and showed a progres- 
sive increase towards adulthood. However, recent experiments using primers specific 
for WFl, WFla, WF2, WF3, WF4 , WFX and WFYT, transcripts were detected at 
different developmental stages (Fig. 9). WFX was only detectable at 20 dph, wh^eas 
WFYT, WF3 and WF2 were detectable at 5 dph and at higher levels between 25-36 
dph. Interestingly, WFl was not detectable at any larval stage and may only be ex- 
pressed under specific environmental conditions in response to specific bacterial 
pathogens, as has been shown for DrosophUa (Rivas and Ganz 1999). This is the first 
demonstration of developmental expression of an antimicrobial peptide in fish and 
shows that at least this component of innate immunity is present in early larval stages 
of winter flound». Larval mortality prior to metamorphosis is of great concern and 
although Ae reasons for such mortality are not yet known, high bacterial load in the 
gut has been proposed (Padros, Minkoff et al. 1993). The adaptive immune systems of 
flatfish have been shown to develop later than those of other teleosts (Padros, Sala et 
al. 1991). Thus, the ability of larvae to produce antimicrobial peptides during this pe- 
riod may be crucial to survival, and the identification of factors that increase the pro- 
duction of such compounds would be of great benefit to aquaculturalists. 

In conclusion, we have isolated a variety of cDNA and genomic sequences en- 
coding the precursors of antimicrobial peptides identical to or similar to pleurocidin' 
fiom a variety of flatfish species. Northern hybridisation and sequence analysis of 
RT-PCR products showed that expression was tissue-specific. Most impoitantiy, the 
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timing of expression of different pleurocidin variants in developing larval winter 
flounder was determined, allowing an estimate of the onset of the innate immune sys- 
tem in this fish. Environmental parameters affecting the production of pleurocidin can 
now be assayed. 

This woric paves the way to further studies aimed at the over-expression of 
pleurocidin as a therapeutant for aquacultured fish and the production of disease- 
resistant fish through transgenic technology as has been demonstrated in transgenic 
tobacco expressing antimicrobial peptides (Jach et al. 1995) and proposed for fish (Jia 
et al. 2000). Furthramore, because many fish live in a saline oivironment, flie proper- 
ties of their antimicrobial peptides may be differrat firom those produced by terrestrial 
animals and have application in unique sitaiations. For instance, the pulmonary mu- 
cosa of patients with cystic fibrosis contain devated NaCl concentrations, which in- 
hibit the natural cationic pq)tides secreted by the lung (Goldman et al. 1997). Salt- 
adapted cationic peptides fitwn marine fish may have appKcation in the treatment of 
lung infections in tliese patioits. 

Hepcidms 

Sequence analysis of one sahnon EST (SLl-0412) and one halibut clone 
(Hb7.5), revealed the presence of unspliced transcripts and allowed the positions of 
some of the introns to be determined (Fig. 16). SimUar to mouse, human and hybrid 
striped bass, the sahnon hepcidin is composed of three exons and two introns (Park, 
Valore et al. 2001; Shike et al. 2002; Pigeon, flyin et al. 2001). The position of the 
first intron of salmon and bass are identical and correspond to a position two amino 
adds 5' to fliose of mouse and human. However, the second salmon intron and the 
second halibut intron of Hb7.5 correspond to a position two amino adds 3' to those of 
mouse and human and several amino acids 5' to that of the bass. This is probably due 
to 'Intron sliding" whereby the positions of introns have shifted by several nucleo- 
tides over the course of evolution. Interestingly, the ddetion in WF4 corresponds pte- 
dsdy to the position of the first sahnon intron and the second mouse^uman intron, 
indicating an intermediate intron/exon structure. 

Mouse contains two hepcidin genes that are clustered on the genome (Pigeon, 
Ilyin et al. 2001) but in human (Park, Valore et al. 2001) and striped bass (Shike et al. 
2002) only one hepcidin gene has been identified. Although we have, not determined 
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the number of hepddin genes in winter flounder and Atlantic salmon, based on our 
research there are at least five in winter flounder, five in Atlantic halibut and four in 
Atlantic salmon. Since there are no Sstl sites within the hepcidin probe used in the 
Southern hybridization analysis, it is highly probable that the five winter flounder 
hepcidin genes reported here are clustered on two genomic fragments. Multiple genes 
for pleurocidin also exist (Douglas, Gallant et al. 2001) and are clustered on the ge- 
nome (Fig. 1 1). Interestingly, all of the small flounders tested fiom the Atlantic exhib- 
ited a similar hybridizing band of 4.3 kb, indicating that they share similarity at the 
genomic level. Japanese flounder, found in flie Pacific, exhibited a single hybridizing 
band of 5.5 kb. 

The deduced amino acid sequences of flie fish prepio-hqpcidins can be aligned 
with those fiom mammals fliroughout flieir lenglh but only show hi^ similarity in the 
portion corresponding to the processed peptides (Fig. 17). However, within the fish, 
the signal peptide and flie propiece are also very higiUy conserved. Conservation of 
fliese segments has also been noted in the pleurocidin family (Douglas, Gallant et aL 
2001). The amino-termini of the processed p^tides were assigned based on tiie amino 
acid sequence of human hepcidin (Krause, Neitz et al. 2000; Park, Valore et al. 2001) 
and ttie proximity to flie RX(K/R)R motif diaiacteristic of processing sites (Naka- 
yama 1997). The molecular weights of flie processed hepddms fiom winter flounder 
and Atiantic sahnon range fix>m 1992 Da (WF2) to 3066 (WFl). comparable to hep- 
cidins isolated fiom mouse, human and bass. Wifli flie exception of WF2, which has 
an acidic pi (5.54), flie pis of hepddins are between 7.73 and 8.76. 

Like pleurocidins, flie amino add sequences of ttie hepcidin variants are 
highly sinular witfiin species, suggesting relatively recent duplication of an ancestnd 
gene. It is possible fliat flie aquatic environment in which fish live necessitates the ex- 
istence of a more diverse suite of antimicrobial peptides flian in terrestrial mammals. 
In addition, fliis component of flie innate immune system plays a more major role in 
fish flian in mammals, which have a more highly evolved adaptive immune system. 

The human hepddin molecule has been proposed to form a secondary struc- 
tiire containing a series of p-tums, loops and distorted p-sheets (Park, Valore et al. 
2001). Consensus secondary structure prediction offish hepcidins show fliat fliey con- 
tain mostly r^dom coil structure wifli some extended strand structure. Witfi the ex- 
ception of WF2, JFL6 and Hb357, all hepcidiiis reported flius far contain eight cys- 
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teine residues which are proposed to form four disulphide bonds (ECrause, Neitz et al. 
2000; Park, Valore et al. 2001) in the foUowing Unkage pattern: 1-4, 2-8, 3-7, 5-6 
(Park, Valore et al. 2001). The loss of cysteine residues 1 and 3 from WF2 suggests 
that at least one disulphide bond cannot form. 

Using gene-specific primers, we were able to demonstrate that different hep- 
cidin genes are expressed in different tissues of both winter flounder (Fig. 20) and At- 
lantic sahnon (Fig. 21). In Atlantic salmon, hepcidin was detectable in normal unin- 
fected fish predominantly in liver, blood and muscle (Type 1) and to a lesser ext^it in 
gill and skin (both types). This is consistent with the presence of three ESTs for Type 
I hepcidin in cDNA libraries constracted fiom uninfected livers, and the absence of 
ESTs for Type U hepcidin in cDNA libraries constructed fiom uninfected Uver. spleen 
and head kidney. Type n hepcidin expression appears be confined to extemal epithe- 
lial surfaces in contact with the aqueous environment, whereas Type I hqiddin ex- 
pression is more widespread, being expressed in liver, blood and muscle as well as 
external epitheUal surfeces. In uninfected winter flounder, no transcripts of Type II 
hepcidin could be detected in any tissue but transcripts of Types I and HI hepcidin 
were present in the Uver and cardiac stomach. Type HI hq>cidin transcripts were also 
presoit in the esophagus. 

Mouse hq)cidin was also rq)orted to be predominantly exjaessed in liver, and 
weakly in stomach, intestine, colon, lungs, heart and thymus by Northem analysis us- 
ing one of the mouse hqjcidin sequences as probe (Pigeon, Ilyin et al. 2001). How- 
ever, this study did not discriminate between die two hepcidin genes and it is not 
known whether or not the two mouse genes are dil5ferentially expressed in tissues of 
mouse. Shnilarly, dot-blot analysis of human tissues and cell lines using the human 
hepcidin cDNA as probe rwealed strong expression in adult and fetal liver and 
weaker expression in adult heart, fetal heart and adult spinal cord (Pigeon, Ilyin et al. 
2001). An earlier study using RealTime quantitative RT-PCR (Krause. Neitz et al. 
2000) revealed strong expression of hepcidin in human liver, heart and brain and 
weak expression in a variety of other tissues. Interestingly, we could not detect either 
Type I or Type II hepcidin expression in the brain of normal Atlantic salmon or win- 
ter flounder, or heart of normal Atlantic salmon. However, in infected animals. Type 
fl hepcidin was expressed in both tissues, indicating that this foim is the predominant 
one produced under conditions of stress. 
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It is intriguing that we detected transcripts of Type I hepcidin that were consti- 
tutively expressed in blood cells of Atlantic salmon. Constitutively expressed non- 
cnzymic antimicrobial molecules have been reported only rarely in blood offish; a 
small hydrophobic cationic peptide was found in mucus of rainbow trout (Smith et al.. 
5 2000) and moronecidin, an antimicrobial peptide fiom bass, was expressed in blood of 
uninfected animals (Lauth et al. 2002). Interestingly, expression of neither hepcidin 
increased in blood of infected salmon relative to the uninfected control animals. Pos- 
sibly, hepcidin is fulfilling a role in iron homeostasis in control animals as well as an 
antimicrobial role. Its presence in circulating blood cells of uninfected animals may 
10 be a precautionary measure against impending infection. 

Type I and n hepcidins fiom Atlantic sahnon were up-regulated during infec- 
tion with Aeronwms salmonicida, but to different extents in various tissues. While 
Type I hepcidin was noticeably up-regulated in the esophagus, stomach, pyloric cae- 
cae, Uver. spleen, intestine, posterior kidney, rectum and muscle and to a lesser extent 
15 m anterior kidney and skin. Type n hepcidin showed a more dramatic increase in 
stomach, pyloric caecae. liver, spleen, intestine, brain, heart and muscle. Weaker up- 
regulation was present in esophagus, anterior and posterior kidney, skin and lechmi. 
These results are consistait wifli tiiose reported fi>r bacterially challenged hybrid 
striped bass where up-regulation was most dramatic in liver, but was also demon- 
20 strated in skin, gill, intestine, spleen, anterior kidney and blood (Shike et al. 2002). It 
is not known wheflier tiiere are multiple helpcidins in hybrid striped bass and, if so, 
whettier they are dififerentially expressed as in Aflantic salmon and winter flounder. 

Studies witii mice have shown a 4.3-fold mcrease in hepcidin expression in 
livers of mice injected wifli LPS and a 7-fold increase in primary hepatocytes exposed 
25 to LPS (Pigeon, Ilyin et al. 2001). These studies were based on Northern analysis us- 
ing only one of flie mouse h^cidin sequences as probe, and were therefore unable to 
distinguish possible differential expression of the two mouse variants. Similar in- 
creases were noted in Kveis of mice subjected to iron overload, but not for primary 
hepatocytes exposed to iron dtiate. possibly due to the differentiation status of the 
30 cultured hepatocytes. The feet tiiat both iron overload and LPS exposure increase 
hepcidin expression indicates tiie importance of tiiese two factors in tiie host response 
to pattiogois. 

During infection, iron is removed fiom the system by various mechanisms so 
that it is unavailable f6r use by invading pathogens. It has been proposed that recentiy 
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discovered transferrin receptor2 mediates iron uptake by hepatocytes and increases 
their expression of hepcidin (Fleming and Sly 2001; Nicolas, Bennoun et al. 2001). 
Hepcidin, in turn, increases iron accumulation in macrophages and increases dietary 
iron absorption in duodenal crypt cells via p2 microglobulin, HFE and transferrin re- 
5 ceptorl. These crypt cells differentiate into enterocytes with reduced amounts of iron 
transport proteins, thereby decreasing dietary iron uptake. Hepcidin thus appears to 
play a crucial role in iron homeostasis during inflammation as well as acting as an an- 
timicrobial peptide. It is also possible that hepcidin could modulate expression of 
liver-derived acute phase proteins and exhibit synergistic effects with other compo- 
10 {lents of the inmiune system. 

Antimicrobial peptides have been shown to modulate gene expression in 
mouse macrophages (Scott. Rxjsenberger et al. -2000), and it is possftle that they may 
ex«t similar effects in fish macrophages or hepatocytes. The presence of a fimctional 
nuclear localization signal (four K/R residues in a row) witiiin prohepddin of mouse 
and human mdicates that hepcidin could act as a signaling molecule involved in main- 
tenance of iron homeostasis in these organisms (Pigeon. Hyin et al. 2001). Interest- 
ingly, tiie nuclear localization signal also contains the recognition signal for process- 
ing of prohqwadin. indicating that nuclear localization would occur only prior to re- 
moval of the propiece, or fliat the propiece itself is localized to tiie nucleus. Teleost 
hepcidins contain only 3 out of 4 K/R residues, which may not be sufficient for nu- 
dear localization; a role for hepcidin in intiacellular signaling awaits testing with syn- 
thetic or m viiro-expressed p^tide. 

In conclusion, we have presented the sequences of fourteen new hepcidin-like 
peptides fiom Atlantic sahnon, Atlantic halibut and winter flounder and demonstrated 
the presence of related sequences in several flatfish species by Southern hybridization. 
Furthemwre, we have shown that the various types offish hepcidins are differentially 
expressed in a tissue-specific manner in nonnal fish, as a result of bacterial infection, 
and during larval development. Apparentiy in fish, different tissues produce hepcidins 
in a constitutive or inducible manner, indicating tiiat hepcidin variants may have dif- 
30 ferent fijnctions under different circumstances. Given tiieir role in iron homeostasis in 
mammals, it is possible that fish hepcidin variants may fiilfil this role as well as tiiat 
of kUling specific pathogens. In vitro expression of hepcidin variants will allow tiieir 
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spectrum of antimicrobial activity to be detennined as well as their effect on the in- 
nate immune response. 
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• ABSTRACT 

The invention disclosed relates to antimiocobial peptides. Antimicrobial pep- 
tides play a crucial role as the first line of defense ajgainst invading pathogens. Several 
types of antimicrobial peptides have been isolated from fish, mostiy of the cationic a- 
helical variety. The cDNA sequences of fourteen highly disulphide-bonded hepcidin- 
like peptides have been isolated from winter flounder, Pleuronectes americanus, At- 
lantic halibut, Hippoglossm hippoglossus. and Atlantic salmon, Salmo salar. These 
hepcidins consist of a 24 amino acid sijgnal peptide and an acidic propiece of 38-40 
amino acids in addition to the mature processed peptide of 19-27 amino acids. The 
sequences of numerous pleurocidins isolated from different fish species is also de- 
scribed. 
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Table 1. Nucleotide sequences of oligonucleotides used for isolating pleuiocidin-like sequences 



Primer Amino Acid Nucleotide Sequence (5' => 3*) 

Sequence 

Screening cDNA library 

PleuroA FFKKAAHVGKH TrCTTCAAGAAGGCYGCYCAYGT[C/G]GG 

[aA]AAGCA 

PleiiroB HVGKAALTOYL* CAYGT[aG]GG(aA]AAGGCYGCYCT[CyG] 

AA[CyT/A]CAYTACCT 

Genomic PCR and RT-PCR 

PLl 5* untranslated GCTCACTTTGTATTCGCAAG 

PL2 3' untranslated CTGAAGGCTCCTTCAAGGCG 

PL5* MKFTATF ATGAAGTTCACTGCCACCITC 

PL3' KRAVDE' TCATCGACTGCGCGCTT 

'complement 



^ ft 



Table 2. Nucleotide sequences of oligonucleotides used for assay of pleurocidin-like gene 
expression in different tissues and at different stages of development of winter flounder 



Gene 


Primer 


Amino Acid 
Sequence 


Nucleotide Sequence (5* => 3') 


WFl 




JDfc-VJIx VV JLtEtlV 


A A nClf^f^ A CU^'TT^rZ' 1*1'/^ A A A rir^ 
/\/\ljtjrOL^AvJvJlvjVjl 1 ijrvj A AAiJvJ 




JCVJ. VTJL XU 






WFla 


RTWFla 

XX A X XA 


RTCRl^WT P 


r^OTA Ar^A^A A A/T-T/^/^TT^rfT. A /T. a 
v^vJ i J\jF\KJJ\KJ/\J\J\VJ 1 0 VJ 1 1 KJJ\\jJ\ 




RTWFla/'^' 

IX X VY X XiiiJ 


X V^xZfVJxjJD 




yytz 


RTWF2 


ELAABfVG 


AAGGCTGCTCACGTTGGC 




PL2 


3* untranslated 


CTGAAGGCTCCTTCAAGGCG 


WF3 


RTWF3 


ELGALIK 


ttcitaggagcccttatcaaa 




RTWE3/3' 


YDEQQE* 


ctcctgctgctcgtcata 


WF4 


RTWF4 


HGRHAA 


catggtcgtcatgctgcc 




PL2 


3' untranslated 


CTGAAGGCTCCTTCAAGGCG 


WFYT 


RTWFYT 


GFLFHG 


GGGA'lTlUl'riTlCATGG 




RTWFYT/3' 


SEDDNP* 


GGGTTGTCATCGAATGAG 


WFX 


RTWFX 


RSTEDI 


CGTTCTACAGAGGACATC 




RTWFX/3* 


DDDDSP^ 


GGGGCTGTCATCATCATC 



Table 3. Nucleotide sequences of primers used in RT-PCR assays to analyse hepcidin gene 
expression. The amino acid sequence on which the S' primer was based is shown. The 3' 
primers were within the 3' untranslated region (3' UTR). The annealing temperatures used in the 
PGR reactions and the sizes of the amplification products are listed. 



1>I» 


Primer 


Amino acid 


Nucleotide sequence 


Annealing 


Product 


(size) 




aequence 


(5'=>3') 


temperature 


size (bp) 


Winter flounder 














Type! 


HcPAl 5* 
HcPAlb 3* 


WMENPT 
3'UTR 


TGGATGGAGAATCCCACC 
GTGAGGTTGTGTTGCGGG 






137 


Typell 


HcPA25* 
HkPA2b3' 


GMMPNN 
3'UTR 


GGGATGATGCCAAACAAC 
ACTTGGACTATGGGCTGAG 




5(fC 


180 


Typem 


HcPA3 5* 
HcPA3b3' 


WMMPNN 
3'UTR 


TGGATGATGCCATACAAC 
GTTGTTGGAGCAGGAATCC 






118 


Actin 


ActF(WF) 
ActR(WF)* 


AALVVD 
VIXTEAP* 


TCGCTGCCCTCGTTGTTGAC 
GGAGCCrCGGTCAGCAGGA 






312 




ActinPl 
Actin Rl 


VFPSIV 
HTFYNEL 


GTGTTCCATCCATCGTC 
GAGCTCGTTGTAGAAGGTGT 




50^C 


194 


AdarUic salmon 














Type I 


HCSS 5* 
HepLivR 


MHLPEP 
3'UTR 


ATGCATCTGCCGGAGCCT 
CATTGCAAACATGTACAAACTAG 




163 


Typell 


HepSpF 
HepSpR 


MNLPMH 
3'UTR 


ATGAATCTGCCGATGCA 
GGGCAAATTAAAGGCG 




52^*0 


163 


Actia 


Act400F 
Act400R 


IVGRPRHQ 
GYALraAI 


TCGTCGGTCGTCCCAGGCATCAG 
ATGGCX3TGGGGCAGAGCGTAACC 


52^C 


400 



complement 



HI 



Table 4. Sequences of pleurocidin-like peptides used for activity testing. Rnal peptide sequences 
and patterns of C-terminal amidation were selected based on the analysis of translated nucleotide 
sequences and on principles described in the text. 



Origin 


Amino acid se<iaence 


Winter Flounder (1) 


GKGRWLERIGKAGGI I IGGAI1DHL-NH2 


Winter Flounder (la) 


WLRKIGKGVKIIGGAALDHL-NH2 


Winter Flounder (la-1) 


GRRECRKWLRRIGKGVKI IGGAALDHL-NH2 


Winter Flounder (2) 2,1 


GWGSFFKKAAHVGKHVGKAALTHYL--NH2 


Winter Flounder (3) 


FIX3ALIKGAIHGGRFIHG1XIIQNHH--NH2 


Winter Flounder (4) 1.1 


6WGSIFKHGRHAAKHI6HAAVISIHYL-NH2 


Yellowtail Flounder YT2 


RWGKWFKKATHVGKHVGKAALTAYL--NH2 


Winter Flounder X 


RSTEDIIKSISGGGFLNAMNA-NH2 


Winter Flounder Y 


FFRI,LFHGVHHGGGYIjNAA-NH2 


Winter Flounder Z 


FFRLI*FHGVHHVGKIKPRA-NH2 


American Plaice API 


GWKSVFRKAKKVGKTVGGLALDHYL-NH2 


American Plaice AP2 


GWECKWFNRAKECVGKTVGGLAVDHYL-l^ 


American Plaice APS 


GWRTIiLKKAEVKW6KIALKHyL-NH2 


Witch Flounder GcSc4C5 


AGWGSIFKHIFKAGKFIHGAIQAHISID--ISIH2 


Witch Rounder GcSc4B7 


GFWGKLFKLGLHGIGLLHLHL-NH2 


Witch Flounder GCS.S-t 


Glf\nKKWLRKGAKHLGQAAIK-im^ 


Witch Flounder GC3.8 




Witch Flounder GC3.2 


GWKKWFTKGERLSQRHFA 


Halibut Hb26 


FriGLIiFHGVHHVGKWIHGLIHGHH~NH2 


Halibut Hbl8 


GFLGILFHGVHHGRKKALHMNSERRS 



^ Peptide predicted from expressed tag and/or expression confirmed by RT-PCR and/or by in situ 
hybridization. 

Peptide predicted from genomic sequence 
^ Pseudogenes 

NRC-2 and NRC-3 are both derived from the same sequences with the latter including an 
additional N-tetminal fragment. 
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\ 

Table 4a. Bacterial and Candida strains used in this study. 



Species 




Code XD 


Coimneixt;; 


Escherichia coU 


C498, 


UB1005 


Parent of DC2 


Escherichia coU 


C500, 


DC2 


Outer membrane-penneable mutac 


Esdieridua coU 


C786, 


C6SC4908 


Triple auxotroph (thy» uri, L-his) 


Salmonella enterica s. Typhimurium 


C587, 


14028S 


Parent of C610 


SabnoneUa enterica s. Typhimurium 


C610, 


MS4252S 


Supersusceptible strain 


Pseudomonas aeruginosa 


H187, 


K799 


Parent of H188 


Pseudomonas aeruginosa 


H188, 


Z61 


Supersusceptible strain 


Enterococcus faecalis 


C625, 


ATCC29212 


Standard strain (ATCC) 


Staphylococcus aureus 


C622, 


ATCC25923 


Standard strain (ATCC) 


Staphylococcus aureus 


C623, 


SAP017 


MRS A clinical isolate (from Tony 


Staphylococcus epidermidis 


C960, 


ATCC14990 


Standard strain (ATCC) 


Staphylococcus epidermidis 


C621 




Clinical isolate (from David Speerl 


Bacillus subtUis 


C971, 


ATCC6633 


Standard strain (ATCC) 


Aeromonsa salmonicida 


99-1, 


A449 


Field isolate being sequenced at I^ 


Aeromonas salmonicida 


97-4 




Field isolate 


Candida albicans 


C627, 


CALB105 


Yeast test strain 



Table 5. Sizes of introns On bp) in genomic sequences amplified using primers FLS' and PL3' 



Gene 


Exon 1 


Intron 1 


Exon 2 


Litron 2 


Exon3 


Total 


WFl 


154 


539 


31 


95 


82 


901 


WFla' 


103 


? 


31 


? 


82 


? 


WF2^ 


100 


525 


31 


108 


49 


813 


WF3 


100 


374 


19 


97 


64 


654 


WF4^ 


100 


230 


31 


101 


49 


511 



^Intron sizes could not be determined as this sequence is only lepiesented by an RT-PCR pioduct 
Sequmces were also amplified using primer PLl and PL2 
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Table 6. RT-PCR producte firom skin and intestine conesponding to diffosnt pleiuocidin genes 



Skin 


Intestine 


Size 


Band 


4 


n/d' 


26Sbp 


WFl 


5 


2 


175bp 


WF2 


4 


9 


175bp 


WF3 


n/d'- 


n/d' 




WF4 


n/d' 


7 


215bp 





not detected 



^ not detected by ^genomic PGR (conesponds to WFla) 



MS 



Table 7. Sizes of bands (in kb) hybddising to pleurocidin probes 
in Bamin. and Sstl digests of winter flounder DNA 



Probe BamHl Sstl 
Wi >24,6 19, 17. 4^, 4.4. 3.0, 2.9, 2.2. 13, x 
WF2 6 19,17,4.5,4.4,2.9, X 1.3, x 

WF3 >24 19.17.4.5, x 2.9, x 2.2, 13, x 

WF4 17. 6 19. 17. 4.5. 4.4. 2.9. x 2.2. 13. 1.2 

x=mo h>1)ridising band evidmt 



4U 



4 



# 



Table 8. Minimal inhiUtoiy concentcadons of pleurocidin-Iike cationic antimicrobial peptides 
against a wide spectnim of bacterial pathogen and Candida albicans. Pathogens were grown in 







A.sal 


S.typh 
MS4252 


S.typh 


PMeru 


P.aertt 


E.coU 


Rcott 


E.coU 






99-1 


97-4 


140288 


K799 


Z61 


C786 


UB1005 


DC2 


C621 


NRC-1 


64 


64 


16 


>64 


>64 


32 










NRC-2 


>128 


128 


64 


>64 


64 


32 


64 


64 


ftA. 




NRC-S 


2 


4 


2 


8 


2 


1 


2 


S 

o 


jL 


Q 
O 


NRC-4 


2 


2 


2 


16 


8 


4 


2 


A 


O 


Q 
O 


NRC-5 


>64 


>64 


64 


>64 




32 


64 


64 




jz 


NRC-6 


4 


4 


4 


64 






H" 




z 


>o*i 


NRC.7 


N/A 


N/A 


N/A 


N/A 


N/A 


N/A 


N/A 


N/A 


N/A 


N/A 


NRC-8 


>64 


>64 


>64 


>64 


>64 


>64 


>64 


>64 


>64 


>64 


NRC-9 


>64 


>64 


64 


>64 


>64 


64 


64 


>64 


>64 


>64 


NRC-IO 


>64 


32 


16 


>64 


32 


8 


32 


32 


32 


32 


NRC-11 


8 


8 


4 


32 


32 


4 


4 


16 


4 


64 


NRC-J2 


2 


2 


2 


8 


4 


1 


2 


8 


2 


8 


NRC-13 


4 


2 


2 


8 


4 


1 


2 


4 


2 


4 


NRC-14 


32 


16 


16 


>64 


32 


8 


16 


16 


16 


16 


NRC-15 


8 


16 


- 4 


16 


8 


4 


8 


8 


8 


4 


NRC.16 


2 


1 


0.5 


16 


4 


1 


1 


2 


0.5 


16 


NRC-17 


2 


1 


1 


8 


4 


2 


1 


4 


1 


32 


NRC-18 


>64 


128 


32 


>64 


>64 


64 


64 


64 


64 


>64 


NRC-19 


64 


>64 


16 


64 


32 


8 


32 


16 


32 


8 


NRC-20 


>64 


>64 


>64 


>64 


>64 


64 


>64 


>64 


>64 


>64 



Mueller-Hinton broth and exposed to a range of concentrations of the specified peptide. Hie 



lowest peptide concentration which inhibited bacterial growth by at least 50% was recoided as 
the minimal inhibitory concentration. 



Table 9. Qiaracteristics of winter flounder and Atlantic salmon hepcidin-like peptides 





TVkt-al 

lOCoi 


iotai 


Molecular 




XT 


Amino Acids 


Cysteines 


Weight 


Pl 


Wrl 


27 


8 


3066 


8.75 


WF2 


19 


6 


1992 


J. J*r 


WF3 


22 


8 


2367 


8.74 


WiF4 


22 


8 


2256 


8.52 


Hb5.3 


22 


8 


2363 


8.75 


Sal8.6 


22 


8 


2331 


8.76 


Hbl7 


22 


8 


2391 


8.76 


Hbl.l 


22 


8 


2391 


8.76 


Hb357 


22 


5 


2397 


7.84 


Hb7.5 


25 


8 


2881 


8.53 


Sal2.1 


25 


7 


2925 


8.60 


Sail 


25 


8 


2720 


7.73 


SaI2 


25 


8 


2881 


8.53 
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Table 10. Semi-quantitative RT-PCR analysis of hepcidin expression in Atlantic salmon during 
bacterial challenge 





Type I Hepcidin 




Type n Hepcidin 


Tissue 


[Control Infected Raticj 


IControl 


Infected 


RatinI 


Esophagus 


no 


u.ilo 


1 


■nA 

na 


n no 


T 
1 


Stomach 


na 


n no 


1 


nu 


U.Z/ 


1 1 


Pyloric caecae 


nd 


0.14 


t 


na 


U.J / 


1 1 


Liver 


1.19 


2.36 


2 


nd 


1 45 


Ttt 


Spleen 


nd 


0.18 


T 


nd 


0.41 


tt 


Litestine 


nd 


0.21 


t 


nd 


0.33 


tt 


Brain 


nd 


nd 


0 


nd 


0.50 




Blood 


0.82 


0.84 


1. 


nd 


nd 




Anterior kidney 


0.06 


0.07 


1.2 


nd 


0.08 


t 


Posterior kidney 


0.07 


0.14 


2 


nd 


0.11 


T 


Gill 


0,13 


0.12 


1 


0.08 


0.07 


1 


Skin 


0.14 


0.18 


1.3 


0.07 


0.09 


13 


Ovary 


nd 


nd 


0 


nd 


nd 


0 


Rectum 


0.07 


0.13 


2 


nd 


0.08 


T 


Heart 


nd 


nd 


0 


nd 


0.43 


tt 


Muscle 


0.38 


0.8 


2.1 


nd 


0.60 


tt 



Pixel densities obtaiined by densitometry are expressed lelative to the actin signal. The ratio of 
infected:control was calculated where numerical values were obtained for both conditions, nd, 
not detected; T weakly up-regulated; TT strongly up-iegulated. 
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